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ABSTRACT 

The Absolute Radiometer for Cosmology, Astrophysics, and Diffuse Emission (ARCADE) is a 
balloon-borne instrument to measure the temperature of the cosmic microwave background at cen- 
timeter wavelengths. ARCADE uses narrow-band cryogenic radiometers to compare the sky to an 
external full-aperture calibrator. To minimize potential sources of systematic error, ARCADE uses a 
novel open-aperture design which maintains the antennas and calibrator at temperatures near 3 K at 
the mouth of an open bucket Dewar, without windows or other warm objects between the antennas 
and the sky. We discuss the design and performance of the ARCADE instrument from its 2001 and 
2003 flights. 

Subject headings: instrumentation: balloons, cosmic microwave background, cosmology: observations 



1. INTRODUCTION 

The cosmic microwave background is a thermal relic 
from a hot, dense phase in the early universe. Deviations 
from a perfect blackbody spectrum carry information on 
the energetics of the early universe. Measurements across 
the peak of the spectrum limit devia tions from a black- 
body to less than 50 parts per million ijFixsen et alJlOO^ 
[Gush et al. 1990). Direct observational limits at longer 
wavelengths, though, are weak: distortions as large as 
5% could exist at wavelengths of several centimeters or 
longer without violating existing observations. 

Plausible physical processes can generate observ- 
able distortions at long wavelengths without vi- 
olating limits established at shorter wavelengths. 
The decay of massive particles produced near the 
Big Bang imparts a chemical potential to the 
CMB, creating a deficit of photons at long wave- 
lengths JSu^ae^&Zcldovich 19 70: .Silk fc Stebbins. 
19831 iBurieana et alJ Il995t iMcDonald et alJ 120011: 



Hansen fc Haimanll200^ . Reionization of the universe 



by the first collapsed structures distorts the spectrum 
through thermal bremsstrahlung by the ionized gas, char- 
acterized by a quadratic rise in temp erature at long 
wavelengths ijBartlett fc StebbinsI 119911) . Reionization 
is expected to produce a cosmological free-free back- 
groun d with amplitude of a few mK at frequency 3 
GHz (IHaiman fc LoeHlT997t IC^ITggl . Such a signal is 
well below current observational limits, which only con- 
strain free-free distortions to AT < 19 mK at 3 GHz 



l|Bersanelli 

Detecting the signal from reionization requires accu- 
racy of order 1 mK at frequencies below 30 GHz. Co- 
herent receivers using High Electron Mobility Transis- 
tor (HEMT) amplifiers can easily achieve this sensitiv- 
ity, leaving systematic error as the limiting uncertainty in 
previo us CMB measurements below 30 GHz (sec Kogut 
l)1992t) for an experimental review). These fall into 3 
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categories. Below 2 GHz the dominant uncertainty is 
synchrotron emission within the Galaxy. Ground-based 
measurements at higher frequencies are limited by atmo- 
spheric emission, while balloon-borne experiments have 
been limited by emission from warm parts of the instru- 
ment. The Absolute Radiometer for Cosmology, Astro- 
physics, and Diffuse Emission (ARCADE) is a fully cryo- 
genic, balloon-borne instrument designed to avoid these 
sources of systematic error and provide new limits on de- 
viations from a blackbody spectrum at centimeter wave- 
lengths comparable to the limits established at millime- 
ter wavelengths. 

ARCADE represents a long-term effort to character- 
ize the CMB spectrum at cm wavelengths in order to 
constrain the thermal history of the early universe. An 
engineering flight designed to test the cold open op- 
tics launched from Ft Sumner, NM on November 2 
2001 UT. A second flight, optimized for CMB obser- 
vations, launched from Palestine, TX on June 15 2003 
UT. Scientifi c analy sis of the 2003 fiight is presented by 
iFixsen et"all 1)2004^1 . We describe the design of the AR- 
CADE instrument and discuss its performance during 
the 2001 and 2003 fiights. 

2. INSTRUMENT DESIGN 

Figure ^ shows an overview of the ARCADE instru- 
ment design. It consists of a set of narrow-band cryo- 
genic radiometers observing at frequencies 10 and 30 
GHz from a balloon payload at 35 km altitude. Each 
radiometer measures the difference in power between a 
beam-defining corrugated horn antenna (16° full width 
at half maximum) and a temperature-controlled inter- 
nal reference load. An independently controlled external 
blackbody calibrator (emissivity e > 0.9997) covers each 
antenna aperture in turn, so that each antenna alter- 
nately views the sky or a known blackbody. The calibra- 
tor, antennas, and radiometers are maintained near 2.7 
K at the mouth of an open bucket Dewar with no win- 
dows or other warm object between the antennas and the 
sky. Fountain-effect pumps lift superfluid liquid helium 
to reservoirs at the antenna aperture plane and inside 
the external calibrator to maintain cryogenic tempera- 
tures. Boiloff helium gas from the main Dewar tank vents 
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Fig. 1. — ARCADE instrument schematic. Cryogenic radiome- 
ters compare the sky to an external blackbody calibrator. The 
antennas and external calibrator are maintained near 2.7 K at the 
mouth of an open bucket Dewar; there are no windows or other 
warm objects between the antenna and the sky. 



through the aperture plane to provide additional cooling 
and prevent the condensation of atmospheric nitrogen on 
the optics. 

Figure [21 shows the entire payload. The Dewar is 
mounted on a gondola suspended 64 m below the bal- 
loon. Batteries and flight electronics mounted on a mov- 
able pallet at the other end of the gondola from the De- 
war serve as counterweights, allowing the suspension to 
be located well away from the antenna apertures. A de- 
ployable lid covers the optics during launch and ascent 
and can be commanded open or closed at float. The an- 
tennas view the sky 30° from the zenith to avoid direct 
view of the balloon or flight train. A metallized foam re- 
flector plate attached to the suspension shields the flight 
train, parachute, termination package, and part of the 
balloon from direct view of the antennas. The dewar can 
be commanded to tip at angles up to 25° from vertical, 
changing the orientation of the antennas with respect 
to the balloon and reflector. The electronics pallet can 
also be moved in flight to trim the gondola pitch. During 
nominal operation the dewar is vertical while the gondola 
rotates at approximately 0.5 RPM to scan the antennas 
around a ring 30° from the zenith. No pointing control is 
required; magnetometers and inclinometers allow point- 
ing reconstruction within 3°. A Global Positioning Sys- 
tem receiver collects position and altitude information. 
Table ^ summarizes the payload. 

2.1. Radiometers 

Figure 01 shows a block diagram of the radiometers. 
Each radiometer uses a cryogenic HEMT-based front- 
end amplifier. They are switched at 100 Hz between 
a corrugated conical horn antenna and a temperature- 
controlled waveguide load using latching ferrite waveg- 
uide switches with measured insertion loss below 0.4 dB. 
The low insertion loss greatly reduces requirements for 



thermal monitoring and control of the instrument front 
end. All of the radiometer back ends are housed in a 
temperature-controlled module mounted to the outside 
of the dewar, with stainless steel waveguide (30 GHz) 
or coax (10 GHz) providing the RF link between the 
cryogenic and room-temperature components. The back 
end of each radiometer is split into two frequency sub- 
channels: a wide-band channel for maximum sensitiv- 
ity, and a narrow-band channel restricted to protected 
RF bands. Video preamplifiers following each detector 
diode separately amplify the dc and ac portions of the 
signal, proportional to the total power on the diode and 
the antenna-load temperature difference, respectively. A 
lockin amplifier demodulates the switched (ac) signal and 
integrates for one second to produce an output propor- 
tional to the difference in power between the antenna and 
the internal load. The lockin output, total power, and 
assorted housekeeping voltages are digitized at 1 Hz and 
stored in an on-board computer. Table[21summarizes the 
radiometer properties. 

The internal reference load has a dual purpose: it pro- 
vides a stable cold reference for the fast gain chop, and 
can be adjusted in temperature during flight to elimi- 
nate the radiometric offset resulting from imbalance in 
the switch or the two arms of the radiometer. The refer- 
ence load consists of a waveguide termination mounted 
on a temperature-controlled plate. Temperature control 
and readout consist of individually calibrated ruthenium 
oxide thermistors in a digitally controlled proportional- 
integral-differential loop. 

2.2. Antennas And Beam Pattern 

Each receiver is fed by a corrugated conical horn an- 
tenna scaled in wavelength to produce identical beam 
shapes at 10 and 30 GHz. To avoid convective instabil- 
ities in the helium vapor barrier, the instrument should 
remain nearly vertical during observations. We recon- 
cile this requirement with the need for sky coverage (and 
avoiding direct view of the balloon) by mounting the an- 
tennas at a 30° angle from the zenith, slicing each an- 
tenna at the aperture plane. Quarter-wave chokes sur- 
round the resulting elliptical aperture and provide fur- 
ther suppression of side lobes. Stainless steel flares at 
the dewar rim function as a cold (20 K) ground shield to 




Fig. 2.— ARCADE gondola in 2003 flight configuration. A 
deployable lid protects the cold optics during launch and ascent. 
The antennas view the sky 30° from the zenith. The refiective 
shield screening the fiight train and parachute from view of the 
antennas is the largest single source of systematic uncertainty and 
is measured in flight by tipping the dewar. 
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TABLE 1 
ARCADE Payload Summary 



Property 


2001 


2003 


Mass^ (kg) 


1148 


1183 


Mean Power (W) 


326 


325 


Peak Power (W) 


470 


925 


Float Altitude (km) 


29.5 


34.7 


Float Pressure (Terr) 


10 


4.5 



"Mass at launch, excluding ballast 



block emission from the Earth. 

We measured the co-polar and cross-polar beam pat- 
terns of each radiometer over Air sr at the Goddard 
Electro-Magnetic Anechoic Chamber. Beam mapping 
used the entire dewar in flight configuration, including 
the flares and external calibrator. Figure 01 shows the 
co-polar beam patterns at 10.1 and 30.3 GHz in a stereo- 
graphic projection centered on the dewar aperture plane. 
The beam centroids are located 30° from the zenith with 
azimuthal separation 90°. Despite the sliced geometry, 
the beams retain circular symmetry past -10 dB, with 
full width at half maximum 16° at both 10 and 30 GHz. 
The deformation evident at -30 dB towards low elevation 
angles shows the effect of the nearby cold flares. 

Warm objects in the beam contribute to the measured 
sky signal. We reduce the contribution from the flight 
train by mounting a reflective plate to the gondola sus- 
pension and extending over the Dewar aperture. The 
reflector plate consists of metallized foam and blocks di- 
rect view of the rotator assembly, ladder, parachute, and 
termination package while partially obscuring the bal- 
loon. We model emission from the suspension, reflector, 
and balloon by convolving the temperature, emissivity, 
and position of these objects with the measured beam 
patterns. Figure |5l shows the relevant geometry. The 
reflector re-directs the part of the beams that would oth- 
erwise view the flight train to blank regions of the sky. 
Emission from the plate is comparable to emission from 
the flight train hidden behind it, but is much simpler 
to model. Table |31 summarizes the contribution of each 
element as a function of Dewar tip angle. In normal oper- 
ation with the Dewar vertical, warm parts of the instru- 
ment contribute a predicted 10.8 mK to the sky tempera- 
ture. Tipping the Dewar back toward the electronics pal- 
let moves the beams closer to the balloon and reflector, 
while tipping forward reduces the signal. Th e predicted 
signa l modulation can be observed in flight (^Fixsen et al.l 
I2OOI . 

2.3. External Calibrator 

The determination of the sky temperature rests on the 
comparison of th e sky to an externa l blackbody calibra- 
tor, described in lKoeut et alJ l)2004D . The external cal- 
ibrator consists of a microwave absorber (Eccosorb CR- 
112, an iron- loaded epoxy) cast with grooves in the front 
surface to reduce reflections. The Eccosorb is mounted 
on a thermal buffer consisting of an alternating scries 
of thin copper and fiberglass plates. Thermal control is 
achieved by heating the outermost copper plate, which is 
in weak thermal contact with a superfluid helium reser- 
voir inside the target housing. Fountain-effect pumps 
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Fig. 3. — Block diagram of the ARCADE radiometers. 



lift liquid helium from the main Dewar to the calibrator. 
Reflective multilayer insulation surrounds the calibrator 
housing. The calibrator is mounted on a rotating mecha- 
nism to allow it to completely cover either antenna aper- 
ture while the other antenna views the sky. The antennas 
view the calibrator 30° from normal incidence. Measure- 
ments with the calibrator over each antenna limit the 
in-band power reflection coefficient to below -35 dB. We 
monitor the calibrator temperature at 7 locations within 
the Eccosorb and on the copper thermal control plate. 
Data taken it situ with the target immersed in liquid he- 
lium during 8 independent calibrations spaced 4 years 
apart agree within 2 mK, providing an independent ver- 
iflcation of the thermometer calibration at temperatures 
near that of the cosmic microwave background. 

2.4. Gondola Electronics 

The gondola electronics consist of a flight computer, 
telemetry system, magnetometer-inclinometer box, drive 
electronics for the various motors, analog interface unit, 
and central electronics box. The central electronics box 
houses the ambient temperature and pressure readout 
electronics, voltage and current measuring modules, re- 
lay boards and the power distribution system, and vari- 
ous other electronics. The analog interface unit contains 
48 16-bit A/D channels and 12 12-bit D/A channels. 
This unit communicates with the flight computer which 
consists of a i486-based embedded computer running a 
multi-tasking, real-time operating system. The computer 
assembly contains a hard disk capable of storing an en- 
tire flight's worth of data. The flight computer commu- 
nicates wit h the cryogenic tem perature sensor readout 
electronics (jFixsen et al.ll206^ via an asynchronous se- 
rial (RS-232) interface. Flight data are stored on-board 
and relayed to the ground using a discriminator channel 
on the Consolidated Instrument Package (GIF) provided 
by the National Scientiflc Balloon Facility (NSBF). Com- 
mands are sent to the flight computer via our 408 MHz 



TABLE 2 
ARCADE Receiver Summary 





10 Wide 


10 Narrow 


30 Wide 


30 Narrow 


Band Pass (GHz) 


9.5 - 10.6 


10.6 - 10.7 


28.4 - 31.3 


31.3 - 32.3 


Switch Isolation (dB) 


>25 


>25 


>25 


>25 


Switch Insertion Loss (dB) 


0.4 


0.3 


0.3 


0.3 


Cold Stage Gain (dB) 


36 


35 


28 


26 


Total RF Gain (dB) 


63 


74 


64 


74 


System Temperature (K) 


12 


12 


77 


77 


Sensitivity (mK Hz-^/^) 


0.7 


2.3 


2.8 


4.8 


Beam FWHM (degrees) 


16 


16 


16 


16 
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Fig. 4. — Beam patterns measured in flight configuration at 
10.1 GHz (red) and 30.3 GHz (blue). The upper 2-k sr visible 
above the instrument aperture plane is shown in a stereographic 
projection, with the zenith at the center and the horizon at the 
edge. Azimuth 90° points along the gondola long axis away from 
the gondola suspension and flight train. Contours are -3, -10, -20, 
and -30 dB. Despite the sliced antennas, the beam patterns remain 
circular past -10 dB. Some steepening is visible toward the cold 
flares at low elevation. 



telemetry uplink that allows 4800 baud ASCII data com- 
munication. 

A video camera mounted on the reflector above the 
Dewar aperture allows direct imaging of the cold op- 
tics in flight. Two banks of light-emitting diodes provide 
the necessary illumination. Ground tests revealed inter- 
ference from the video transmitter in the 10 GHz wide 
channel. We do not use data from any channel for sci- 
ence analysis during times when the camera and video 
transmitter are turned on. 

3. GRYOGENIC DESIGN AND PERFORMANGE 

ARCADE uses cryogenic optics and calibrator on a 48- 
cm diameter clear aperture operating without windows 
at temperatures near 2.7 K. To eliminate any spillover 
of the antenna beams onto warm portions of the Dewar 
walls, the antenna apertures and external calibrator are 
located at the mouth of an open bucket Dewar. Two 
fountain-effect superfluid pumps move helium from the 
main Dewar into a reservoir located inside the calibra- 
tor; a third pump lifts liquid helium to cool the aperture 
plane. Boiloff gas from the 220 liter main tank vents 
through pinholes in the metal mounting plate holding the 
antenna apertures, providing additional cooling through 
the enthalpy of the helium gas while providing a buffer 
between the optics and the atmosphere. 

3.1. Thermometry 

We monitor cryogenic temperatures using 4- wire ac re- 
sistance measurements of 27 rutheni um oxide thermome - 
ters read out every 1.067 seconds l|Fixsen et al.ll2002D . 
Seven of the thermometers are located in the external 
calibrator. Eight additional thermometers monitor crit- 
ical temperatures (antenna throat, internal load, Dicke 
switch, and cryogenic HEMT amplifier) on each of the 2 
radiometers. The remaining thermometers monitor the 
temperature of the aperture plane, cold flares, superfluid 



pumps, liquid helium reservoirs (main tank, aperture 
plane, and external calibrator) as well as the Dewar walls 
and the instrument support structure inside the Dewar. 

The in-flight thermometry compares the resistance of 
each thermometer to a set of 4 calibration resistors span- 
ning the dynamic range of the thermometer resistances. 
The calibration resistors are part of the readout elec- 
tronics board, located in a temperature-controlled enclo- 
sure. One of the calibration resistors includes the elec- 
trical harness into the Dewar to monitor possible effects 
from electrical pickup or stray capacitance. The flight 
computer uses a lookup table to infer a temperature for 
each thermometer using temperature-resistance curves 
derived from ground tests. The instrument is mainly a 
transfer standard to compare the sky to the external cal- 
ibrator target; precise knowledge of the absolute temper- 
ature is required only for the external calibrator. The re- 
sistance to temperature calibration for the thermometers 
in the external calibrator was obtained multiple times 
over several years by measuring the resistance of the em- 
bedded thermometers with the calibrator submerged in 
liquid helium, as the pressure over the bath was slowly 
lowered. Observations of the superfluid helium transi- 
tion at 2.1768 K using the flight readout electronics agree 
within 0.3 mK over multiple calibrations spaced 4 years 
apart, providing a cross-check on the absolute thermom- 
etry. Thermal gradients during the calibration process 
degrade the absolute accuracy to 2 mK at temperatures 
near 2.7 K. 

3.2. Heat Flow 

The ARCADE instrument is mounted at the mouth 
of an open fiberglass/aluminum composite bucket De- 
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Fig. 5. — Schematic representation of objects included in model 
of 10 GHz flight train emission, (left) Stereographic projection of 
upper 27r sr viewed from the 10 GHz antenna, using the same coor- 
dinate convention as Figure|2 The zenith is at the center while the 
horizon is at the edge. Objects are color-coded for visual clarity; 
the -3 dB contour for the 10 GHz beam is also shown. The reflector 
hides much of the flight train but only partially screens the balloon, 
(right) Antenna temperature contribution from each element, esti- 
mated by convolving the position, emissivity, and temperature of 
objects in the left panel with the measured 10 GHz beam pattern. 
Units are flux density in /iK per 1° X 1° pixel, so that the total 
antenna temperature is given by the sum over all pixels in the fig- 
ure. Emission from the reflector dominates the total but is simple 
to model. 
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TABLE 3 

Model Flight Train Emission at 10 GHz (mK) 



Component Dewar Tip Angle^ 

-10 -5 5 10 

Balloon 2.1 1.4 0.7 0.2 0.1 

Reflector 25.6 10.6 4.8 2.4 1.3 

Camera 0.4 0.2 0.2 0.1 0.1 

Lights 0.2 0.2 0.3 0.3 0.2 

Suspension 4.7 3.9 3.2 2.5 1.8 

Cold Flares 1.4 1.4 1.4 1.4 1.4 

Ground 0.3 0.3 0.4 0.4 0.4 

Total 34.7 18.1 10.8 7.4 5.3 

''Positive angles tip the Dewar forward and the antenna beams 
away from the zenith. 



war manufactured by Precision Cryogenics. The inner 
diameter is 61 cm with a fiberglass top section extend- 
ing 38 cm to reduce heat flow from the aluminum body. 
The aluminum bottom section holds 220 liters of liquid 
helium. The heat leak to the cryogcn is dominated by 
thermal conduction down the walls. Typical boiloff rates 
are 12 liters hr~^ on the ground with the ascent lid closed, 
32 liters hr~^ during ascent, and 15 liters hr~^ at float 
when wc activate a boiloff heater in the main reservoir 
to provide additional outflow of cold gas. The Dewar 
is unpressurizcd and vents through the aperture plane 
so the liquid remains near ambient pressure. The 2003 
flight launched with 140 liters of liquid helium in the 
main reservoir, falling to 53 liters at float to provide 3.5 
hours of cryogenic observations. 

Fountain-effect pumps move superfluid liquid helium 
from the main reservoir to separate reservoirs below the 
aperture plane and in the external calibrator housing. 
Each pump consists of a 1.3 cm diameter porous plug 
(CoorsTek P-1/2-BC ceramic disk with pore diameter 
less than 0.5 /xm) mounted in a leak-tight housing. A 
resistive heater warms the liquid inside the housing 80 
mK above the 1.56 K bath temperature, creating enough 
pressure (35 Pa) to lift the liquid helium 130 cm to the 
reservoirs at the top of the Dewar. Two pumps (a pri- 
mary and a backup) service the target with a third pump 
allocated to the aperture plane. Each pump can lift ap- 
proximately 2.8 liters hr~^ liquid helium, providing 2.6 
W cooling each through the latent heat of the liquid. 
Boiloff gas from the main reservoir provides additional 
cooling to the aperture plane through the enthalpy of 
the cold gas. 

3.3. Atmospheric Condensation 

The cryogenic performance of the ARCADE depends 
on interactions between ambient nitrogen and the cold 
helium efflux at pressures below 5 Torr. Gaseous helium 
is denser than the ambient nitrogen at float altitude pro- 
vided the helium remains colder than 20 K. The mixing 
as the helium warms and the nitrogen cools is compli- 
cated and difficult to simulate in pressure chambers on 
the ground, which are not designed to maintain a dilute 
nitrogen atmosphere in the presence of a large (12 m^ 
hr~^) helium gas source. 



The efflux of helium gas above the aperture does not 
eliminate condensation of atmospheric nitrogen onto the 
cryogenic optics, but does reduce it to levels compatible 
with the desired CMB observations. Flight data show 
excess heat dissipation on the aperture plane, consistent 
with an accumulation rate of approximately 200 g hr~^ 
of nitrogen onto the aperture, a heat source of order 6 
W. Visual examination using the video camera confirms 
this slow accumulation of nitrogen ice, with several mm 
of "frost" visible on the optics an hour after opening 
the ascent lid. Nitrogen ice is nearly transparent at cm 
wavelengths; since the ice cools to the same temperature 
as the rest of the optics, modest accumulations primar- 
ily affect only mechanical operations. The 2003 flight 
included a large (kW) heater on the cold optics, includ- 
ing the antenna aperture and throat sections. With the 
superfluid pumps off, the aperture plane and calibrator 
have only weak thermal coupling to the Dewar. Raising 
the aperture plane and calibrator above 80 K for 15 min- 
utes suffices to remove accumulated nitrogen ice without 
only a modest impact on the main liquid helium reser- 
voir. 

4. DISCUSSION 

Both the 2001 and 2003 flights demonstrate the via- 
bility of large open-aperture cryogenic optics for CMB 
measurements. The ARCADE cryogenic design main- 
tains the external calibrator, antennas, and cryogenic ra- 
diometers at temperatures near 2.7 K for many hours at 
35 km altitude. Cold boiloff gas vented through the aper- 
ture plane reduces condensation of atmospheric nitrogen 
to levels consistent with the desired CMB observations; 
the primary impact is the cooling required to handle the 
additional heat load on the aperture. The current in- 
strument is relatively small (two frequency channels at 
10 and 30 GHz) and is intended primarily as a pathfinder 
to verify the cryogenic design under flight conditions. A 
larger second-generation instrument with 6 channels ex- 
ending down to 3 GHz is currently under construction 
and is scheduled to launch in 2005. 
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